Among the various metrics that quantify radiation dose in computed tomography (CT), organ dose is one of the most representative quantities reflecting patient-specific radiation burden.
58 adult patients were included in this study (age range: 18-70 y.o., weight range: 60-180 kg). One computational phantom was created based on the clinical images of each patient. Each patient was optimally matched against one of the remaining 57 computational phantoms using a leave-one-out strategy. For each computational phantom, the organ dose coefficients (CTDI vol -normalized organ dose) under fixed tube current were simulated using a validated Monte Carlo simulation program. Such organ dose coefficients were multiplied by a scaling factor , ( ) vol organ convolution CTDI that quantifies the regional irradiation field. The convolution-based organ dose was compared with the organ dose simulated from Monte Carlo program with TCM profiles explicitly modeled on the original phantom created based on patient images. The estimation error was within 10% across all organs and modulation profiles for abdominopelvic examination. This strategy enables prospective and retrospective patient-specific dose estimation without the need of Monte Carlo simulation.
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I. INTRODUCTION
Quantifying patient-specific radiation dose for CT examinations has become an unavoidable requirement for clinical practice. [3] [4] Such quantification can be beneficial for the establishment of advanced dose recording and monitoring programs, aid in personalized imaging decision management, and provide useful information for the CT protocol optimization. 5 The estimation of organ dose for a given clinical patient, however, can be practically challenging. The main challenges draw from two facts: (1) Organ dose cannot be directly measured. As such, Monte Carlo simulation on computational phantoms has been regarded the reference method for estimating organ dose. However, the process of generating computational phantoms for a given clinical patient can be quite complicated and time-consuming. Furthermore, Monte Carlo simulations require significant computational time. Thus, a rapid estimation of organ dose cannot be easily achieved under current situation. (2) CT examinations are usually performed with tube current modulation technique. With the tube current changing dynamically across body regions, the quantification of irradiation filed for a certain organ can be complicated, especially considering the scattered radiation field created by the changing tube current.
In this study, we aimed to address these two limitations by establishing a framework for rapid organ dose estimation under TCM schemes for abdominopelvic examinations across a cohort of patient models. The estimation was achieved with the combination of a patient-matching technique, a large library of computational phantoms, and a convolution-based technique that models the primary and scatter radiation field. The accuracy of the estimation strategy was validated by Monte Carlo simulation with the TCM explicitly modeled.
II. MATERIALS AND METHODS

CTDI-normalized-organ dose coefficients
58 adult patients were included in this study (age range: 18-70 y.o., weight range: 60-180 kg). [6] [7] One computational phantom was created based on the clinical images of each patient. Each patient was optimally matched against one of the remaining 57 computational phantoms using a leave-one-out strategy. A Monte Carlo simulation program was used on each patient-specific model to simulate organ dose under fixed tube current. Such organ dose estimates were further normalied by CTDI vol and used as the estimation basis for organ dose under TCM. 
A comme
Estimation of organ-specific CTDI vol under TCM
The organ dose coefficients estimated under fixed tube current was used as the estimation basis for TCM organ dose. A regional CTDI vol that quantifies the local radiation dose field was estimated using a convolution-based technique.
First, a dose rate profile, which was defined as the z-dimensional dose distribution of a thin beam (25-mm full-width at half-maximum) across an infinitely long CTDI phantom was generated by Monte Carlo simulation ( Figure 2 [a]).
Second, a simulation program was developed to determine the tube current modulation profile for each computational phantom. The logarithm of the tube current was modeled as a function of patient attenuation as
In mA a ud In mA = +
where ud denotes the phantom attenuation, a denotes the modulation strength, and o mA corresponds to the constant tube current, non-modulation DC level. The TCM profiles with a = 1 results in consistent noise level in all measured CT projections, while the TCM profiles with a ranging from 0 to 1 represents TCM profiles with different strength levels. Four modulation strengths were simulated for each patient so that the TCM results could represent different manufacture implementations.
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Third, a convolution technique was applied between the dose rate profile and the tube current modulation profile to generate the accumulated dose distribution ( / .
This dose ratio function describes the difference in the dose field between TCM and constant tube current scans. Since organ h is derived under constant tube current condition, the dose ratio essentially describes how the specific TCM dose field is different from the dose field from which organ h is derived. The dose ratio function is overlaid with the patient organ distribution to derive the organ-specific CTDI vol value. 
Organ estimation and validation
The organ dose under TCM was determined using the regional CTDI vol factor and the organ dose coefficients as , * ( ) .
TCM organ vol organ convolution
In comparison, two alternative methods were used for organ dose estimation. The first alternative method uses the CTDI vol of the entire examination as a factor to quantify radiation field. Such CTDI vol value is estimated using the average tube current value of the whole exam. The organ dose was estimated as * ,
The other alternative method was motivated by recent studies, which suggest that organ dose under TCM scans maybe approximated using the local tube current for the organs as , * ( 
where z mA is the tube current value at location z and z V is the organ volume in the axial slice at location z . Using this method, the local dose field was approximated using the weighted average mAs value at the location of the organ. This method only accounts for the primary radiation dose field and neglects the scattered radiation from nearby slices.
In order to evaluate the estimation accuracy of the three techniques, we incorporate the TCM profile into the Monte Carlo simulation program. The accuracy of the three proposed estimation methods was evaluated using the following process: the convolution-based organ dose was compared with the organ dose simulated from Monte Carlo program with TCM profiles explicitly modeled on the original phantom created based on patient images.
CTDI vol -n modulatio current ca under the Figure 3 . strengths fo The estimation accuracy of the three organ dose estimation strategies across the 58 patients was illustrated in Figure 4 . The gold standard for estimation was the organ dose simulated using Monte Carlo simulation of the original phantoms. In general, the organ dose estimated using CTDI vol of the entire examination was a poor estimation of organ dose, with the maximum error above 50%. The organ dose estimated using the regional tube current 
V. CONCLUSION
In this study, a framework for organ dose estimation under TCM CT examinations was developed that accurately models the patient anatomy and irradiation field. The estimation process achieves good accuracy with average differences within 10%. Such quantitative estimation model allows one to optimize the CT protocol, aid in advanced dose monitoring and recording program, and enable personalized image decision.
